Genetic differentiation between Mediterranean and Atlantic populations of the common prawn Palaemon serratus (Crustacea: Palaemonidae) reveals uncommon phylogeographic break by Weiss, Ronja et al.
Genetic differentiation between
Mediterranean and Atlantic populations
of the common prawn Palaemon serratus
(Crustacea: Palaemonidae) reveals
uncommon phylogeographic break
ronja weiss1, zeltia torrecilla2, enrique gonza’ lez-ortego’n3,4, ana m. gonza’ lez-tizo’n2,
andre’s marti’nez-lage2 and christoph d. schubart1
1Zoologie & Evolutionsbiologie, Universita¨t Regensburg, D-93040 Regensburg, Germany, 2El Departamento de Biologı´a Celular y
Molecular, CICA, Universidade da Corun˜a, E-15008 A Corun˜a, Spain, 3Instituto Espan˜ol de Oceanografı´a, Centro Oceanogra´ﬁco de
Ca´diz, Puerto Pesquero, Muelle de Levante s/n, E-11006 Ca´diz, Spain, 4Instituto de Ciencias Marinas de Andalucı´a (CSIC), Campus
Universitario Rı´o San Pedro, 11519 Puerto Real, Ca´diz, Spain
The Atlantic–Mediterranean transition zone between the Albora´n Sea and the Gulf of Ca´diz constitutes the most prominent
marine geographic barrier in European waters and includes known phylogeographic breaks such as the Strait of Gibraltar and
the Almerı´a-Oran Front. A genetic shift in this area has been previously documented for the European littoral shrimp
Palaemon elegans. Here we carried out a phylogeographic analysis with the congeneric and sympatric species Palaemon ser-
ratus to test for similar intraspeciﬁc genetic differentiation and geographic structure. This littoral prawn is distributed in the
Northeastern Atlantic Ocean, the Mediterranean Sea and the Black Sea. We compared DNA sequences from the mitochon-
drial genes Cox1 and to a lesser extent from 16S rRNA of several Atlantic and Mediterranean populations. Furthermore,
sequences from the nuclear gene Enolase were included for corroborating differences between Mediterranean and Atlantic
individuals. A pronounced genetic differentiation was detected between the Mediterranean and Atlantic populations,
amounting to 10.14% in Cox1 and 2.0% in 16S, indicating the occurrence of two independent evolutionary lineages.
Interestingly, specimens from the Atlantic Gulf of Cadiz cluster together with the Mediterranean individuals, indicating
that a biogeographic barrier appears to be located west of the Strait of Gibraltar.
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I NTRODUCT ION
Recent molecular biodiversity studies increasingly reveal local
genetic differentiation in biphasic marine species with a larval
dispersal phase (e.g. Mathews, 2006; Galarza et al., 2009;
Ragionieri et al., 2009; Fratini et al., 2016). Geographic bar-
riers are the main historical factor determining the biogeog-
raphy of European marine species, as documented for
caridean shrimps (Reuschel et al., 2010; Gonza´lez-Ortego´n
et al., 2016). The most prominent geographic barrier in
European marine waters is the one between the Atlantic
Ocean and the Mediterranean Sea. It is located somewhere
in between the Albora´n Sea and the Gulf of Ca´diz,
and either the Strait of Gibraltar or the Almerı´a-Oran
Front have been postulated to act as the main barrier, as
recently revised and discussed (Patarnello et al., 2007;
Garcı´a-Mercha´n et al., 2012). In recent geological history,
the shallow Strait of Gibraltar isolated the Mediterranean
Sea repeatedly from the Atlantic, caused by sea level regres-
sions, sometimes even resulting in major desiccations (Hsu¨
et al., 1977). These repeated isolations led to a very high
level of endemism in the Mediterranean Sea (Hofrichter,
2002), and many marine species show a phylogeographic
break among Atlantic and Mediterranean populations (Zane
et al., 2000; Patarnello et al., 2007; Luttikhuizen et al., 2008;
Deli et al., 2016). The Messinian Salinity Crisis in the late
Miocene (around 5.5 Ma) was probably the most dramatic
isolation event (Krijgsman et al., 1999) and ended with
the Zanclean Flood, i.e. when Atlantic waters re-ﬂooded the
Mediterranean Basin, leading to a re-colonization of the
Mediterranean Sea with Atlantic species (Garcı´a-Castellanos
et al., 2009). Even today, the waters between the Strait of
Gibraltar and the Almerı´a-Oran Front seem to act as a
barrier to gene ﬂow for many marine species, determining
the genetic structure and diversity of many European coastal
water species.
The shrimp genus Palaemon Weber, 1795 (Crustacea:
Decapoda: Caridea) belongs to the large family
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representatives from coastal waters all over the world.
Recently, important systematic and taxonomic changes were
postulated for this family, summarized in the review by De
Grave & Ashelby (2013), with the consequence that the
genera Palaemonetes Heller, 1869, Exopalaemon Holthuis,
1950 and Coutierella Sollaud, 1914 were synonymized and
re-arranged within the genus Palaemon that now contains
83 species (for the most recent phylogeny see Carvalho
et al., 2016). Morphological distinction within this genus is
partly difﬁcult, because only small differences serve as identi-
ﬁcation criteria, as for example the upper antennular ﬂagellum
or the denticulation of the rostrum (Gonza´lez-Ortego´n &
Cuesta, 2006). This often results in wrongly classiﬁed species
within the genus Palaemon. For example, Palaemon garciacidi
Zariquiey A´lvarez, 1968 turned out to be a synonym of
Palaemon longirostris Milne-Edwards, 1837 (Cuesta et al.,
2012; Cartaxana, 2015). Also the existence of cryptic species
is discussed for this genus, since Reuschel et al. (2010) gave
evidence for differentiation along the Atlantic–
Mediterranean barrier within Palaemon elegans Rathke,
1837 and the possible existence of a cryptic species within
the Mediterranean Sea. Thus, it seems worthwhile to use
genetic techniques to study phylogeographic relationships
between Atlantic–Mediterranean populations of other
coastal species of Palaemon and to help redeﬁne the morpho-
logical classiﬁcation in this taxonomic group. It is of particular
interest to focus on species living in both the Atlantic Ocean
and the Mediterranean Sea, to determine if similar differenti-
ation patterns may be revealed as in P. elegans. In Europe, six
marine and/or estuarine species (including the recently intro-
duced P. macrodactylus Rathbun, 1902 (see Gonza´lez-Ortego´n
et al., 2007; Ashelby et al., 2013)) and four fresh to brackish
water species of Palaemon can be found (Cuesta et al.,
2012). The former ones include the widespread and commer-
cially exploited species Palaemon serratus (Pennant, 1777),
also known as the common prawn. It could make an interest-
ing study object regarding phylogeographic analyses, as a
recent published record indicated that a single
Mediterranean specimen from the Turkish coast may be dis-
tinct from its Atlantic counterparts (Bilgin et al., 2014).
Palaemon serratus lives in rocky crevices along the
European and North African coastlines in shallow waters up
to a depth of 40 m. Its distribution area ranges from
Scotland and Denmark to Mauritania and it is common in
the Atlantic Ocean, with occasional records in the
Mediterranean Sea, and the Black Sea (Lagarde`re, 1971;
d’Udekem d’Acoz, 1999). Adult individuals have a total
length of 90–110 mm and the cephalothorax and abdomen
are transparent with a dark reddish-brown striped pattern
which can vary widely between different regions or habitats
(Carlisle, 1955; Gonza´lez-Ortego´n & Cuesta, 2006). Larval
development is linked to initial larval body mass and female
body size and can be modiﬁed by environmental conditions
experienced by the larvae (Reeve, 1969; Gonza´lez-Ortego´n &
Gime´nez, 2014).
There is an important commercial ﬁshery on P. serratus,
especially around the British Isles, France and northern
Spain, and the high commercial value could possibly lead to
overﬁshing, as already expressed by Fahy et al. (2006). Even
though the latter study only evaluated the ﬁsheries around
Ireland, the same problems could also occur elsewhere.
Currently, baseline monitoring data are gathered in the UK
and Ireland to ascertain the stock status and population
trends and to identify possible problems caused by the ﬁshery
exploitation (Haig et al., 2014). Although this species was pro-
posed as suitable for cultivation (Reeve, 1968; Rodrı´guez, 1981),
further studies about its ecology and husbandry conditions are
necessary to take this step. For this endeavour, basic knowledge
on the natural genetic diversity and the phylogeography of this
species will be critically important.
This study thus focused on the genetic differentiation
among various populations of P. serratus along European
coastlines. DNA sequences for the mitochondrial gene Cox1
were analysed. To conﬁrm the obtained results additional
sequences of the more conserved mitochondrial 16S rRNA
and the nuclear gene Enolase were included. Cox1 and 16S
rRNA have been shown to be suitable marker genes for DNA
barcoding in crustaceans (Schubart et al., 2000; Lefe´bure
et al., 2006; Costa et al., 2007) and also within the
Palaemonidae (Reuschel et al., 2010; Cartaxana, 2015).
Special attention is paid to the possible divergence among
Atlantic and Mediterranean populations, as previously
reported for the closely related prawn P. elegans (see
Reuschel et al., 2010).
MATER IALS AND METHODS
Specimens of Palaemon serratus used for the analysis origi-
nated from the authors’ collections and were stored in 70–
95% ethanol. Most individuals were sampled by hand with
the aid of a dip net. Sampling localities, coordinates and
number of sequences for each available population of P. serra-
tus are shown in Figure 1 and Table 1. For some populations,
only the locality was given and the coordinates were esti-
mated. DNA-extractions were performed following either
the Puregene Method (from Gentra Systems: Minneapolis,
MN55447, USA) or the Realpure – Spin Kit 250 Extract
(from Durviz – Gentaur: Brussels, Belgium).
Two different mitochondrial DNA gene fragments were
ampliﬁed by means of PCR reactions: the mitochondrial
gene Cox1 encoding subunit 1 of the cytochrome c oxidase
gene that is especially suitable for intraspeciﬁc comparisons
and used as the biological barcoding gene (e.g. Costa et al.,
2007) (N ¼ 67 sequences). In addition, one individual of
each of ﬁve Atlantic populations and four individuals
of Mediterranean populations were analysed for variation of
the more conserved 16S rRNA gene, transcribed to the struc-
tural rRNA of the large subunit 16S of mitochondrial ribo-
some. The only available 16S-sequence in GenBank
(JQ042291) was downloaded and added to the analysis, allow-
ing comparison of a total of 10 sequences. In addition, the
nuclear gene Enolase, better suited for interspeciﬁc compari-
sons (e.g. Ip et al., 2015), was ampliﬁed for some of the
Mediterranean and Atlantic populations (N ¼ 26 sequences).
For both mitochondrial genes, different primer combina-
tions were used. For Cox1, a few long fragments of 1276 base-
pairs (bp) were ampliﬁed with primers COL6 or COL6a and
COH1b. This was not possible for the Mediterranean indivi-
duals, so a shorter fragment was ampliﬁed using the primers
COL1Pe and COH1b (630 bp). For the ampliﬁcation of the
16S rRNA gene, the forward primer 16L29 and the reverse
primer 1472 were used (580 bp). The nuclear gene Enolase
was ampliﬁed using the primer combination ENEA1 and
ENES1 (409 bp). All primer sequences and the corresponding
references are listed in Table 2.
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PCR reactions were run in a total volume of 25 ml with dif-
ferent protocols optimized for the respective Taq polymerase
(Fermentas Taq, Promega GoTaq or Roche Taq). The tem-
perature proﬁle of the PCR for all three genes consisted of
an initial denaturation step at 948C for 4 min, followed by
35–40 cycles and a ﬁnal elongation step at 728C for 5–
10 min. The cycle program included denaturation at 958C
for 45 s, annealing at 528C for the primer combination
COL6 or COL6a/COH1b, 488C for all other mitochondrial
gene combinations, and 508C for Enolase for 45–60 s, and
elongation at 728C for 60 (short fragments) or 90 (long frag-
ments) seconds. In a few difﬁcult cases, the annealing tempera-
ture was decreased to 458C to obtain useable PCR products.
Most of the long fragments of the Cox1 gene were
sequenced in both directions, while the short fragments
were only sequenced with COH1b. The 16S rRNA fragments
were sequenced with 16L29 and the Enolase fragments with
ENEA1. Sanger sequencing took place at the Laboratory of
Molecular Biology, SAI (Servicios de Apoyo a la
Investigacio´n; University of A Corun˜a, Spain) or was out-
sourced to Macrogen Europe (the Netherlands). Sequence
chromatograms were proofread using Chromas Lite version
2.1.1 (Technelysium Pty Ltd) and edited manually, if neces-
sary. All sequences were aligned with BioEdit version 7.2.0
(Hall, 1999) using the ClustalW algorithm (Thompson
et al., 1994) and, if necessary, adjusted manually. Five different
alignments were created, three with the Cox1 sequences,
depending on the primer combinations and sequence
length, and one in each case for the 16S and the Enolase data-
sets. No ambiguities were encountered during the alignment
Fig. 1. Sampling localities of Palaemon serratus (Pennant, 1777). The locality numbers correspond to the code numbers in Table 1.
Table 1. Coordinates and number of individuals of the studied populations of Palaemon serratus from west to east.
Sequences
Code (Fig. 1) Population Latitude Longitude Date N Cox1 16S Enolase
3 Cork (Ireland, A) 51.9 28.483333 August 2012 1 – 1 –
7 Artabro Gulf (Spain, A) 43.366667 28.466667 October 2012 15 12 1 –
8 Guadalquivir Estuary (Spain, A) 36.783333 26.366667 August 2012 21 14 1 10
1 Millport (UK: Scotland, A) 55.749917 24.927883 November 2003 1 – – 1
2 Anglesey (UK: Wales, A) 53.133333 24.283333 January 2012 9 7 1 –
6 Saint-Jouin-Bruneval (France, A) 49.645283 0.1525 August 2012 10 7 – 5
9 Cala Nova (Spain: Ibiza, M) 39.007595 1.581657 October 2011 2 2 – –
9 Cala Llenya (Spain: Ibiza, M) 39.015299 1.587782 October 2009 11 10 1 1
5 Calais (France, A) 50.966667 1.80 September 2012 1 – 1 –
4 Duinbergen (Belgium, A) 51.35 3.25 October 2012 1 1 – –
10 Marine de Farinole (France, M) 42.729274 9.339269 June 2003 1 1 1 1
11 Pula (Croatia, M) 44.860903 13.81284 September 2004 1 1 1 1
12 Acheron Estuary (Greece, M) 39.236111 20.479722 July 1993 2 2 – 2
13 Ligia (Greece, M) 39.154657 20.563746 September 2003 1 1 1 –
17 Githion (Greece, M) 36.791944 22.596389 July 1986 3 3 – 3
14 Nafplio (Greece, M) 37.547222 22.818056 December 2013 1 1 – 1
16 Limin Ieraka (Greece, M) 36.785833 23.0825 July 1986 1 1 – 1
A, Atlantic Ocean; M, Mediterranean Sea.
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process. Before building the parsimony network, the align-
ments were cropped manually to the same length and short
sequences were eliminated. All new DNA sequences (all hap-
lotypes in case of Cox1) were submitted to the European
Nucleotide Archive (ENA as part of GenBank) and have
been assigned accession numbers LT717247 to LT717310.
Alignments were converted from FASTA to PHYLIP format
with FaBox version 1.41 (URL 1). Finally, ﬁve networks
were constructed with the software TCS version 1.21
(Clement et al., 2000) based on the single alignments. In the
three Cox1 networks, the maximum connection steps had to
be speciﬁed manually (65–130 steps) in order to allow the
haplogroups to be connected, while in the Enolase network
a 95% and in the 16S network a 94% connection limit
between the different genotypes were used. Nucleotide and
haplotype diversities were calculated with the software
DnaSP version 5.10.01 (Librado & Rozas, 2009) for six differ-
ent populations (only populations with more than two indivi-
duals were included). A permutation test was performed with
10,000 replicates. Also a mismatch analysis of sequences was
carried out with DnaSP version 5.0 for the Cox1 and for the
16S alignments containing Mediterranean individuals. A con-
stant population size was chosen as the model for expected
values. Finally, an analysis of molecular variance (AMOVA)
was carried out for two of the populations of the
Mediterranean (with more than eight individuals) and the
population of Guadalquivir using the software DnaSP
version 5.0.
RESULTS
For many of the long fragments of Cox1, clean reads were only
obtained for one direction. Therefore, sequences were subdi-
vided into three length groups of which three different align-
ments and three different parsimony networks were
constructed. The ﬁrst alignment consists of 17 consensus
sequences of forward and reverse reads of the long primer
combination, resulting in 1199 bp. The second alignment con-
tains only the sequences read with the forward primers COL6
or COL6a (26 sequences, 811 bp) and the third alignment the
ones read with the reverse primer COH1b (58 sequences,
611 bp). Since all three parsimony networks show similar dis-
tribution patterns, only the one with most individuals, i.e. the
one sequenced with the primer COH1b, is shown (Figure 2).
The other two can be found in the Supplementary material
(Appendices 1–2). For the graphic presentation of the net-
works, the two localities of Ibiza (Cala Llenya and Cala
Nova) were summarized as one population, since they are
geographically very close to each other and there were no
important differences in their sequences. The same approach
was used for the different sites in Greece.
Themaximum parsimony network based on the alignment of
the COH1b sequences (Figure 2) shows a clearcut dissociation
between the Mediterranean populations (including the
Guadalquivir Estuary) and the more western Atlantic popula-
tions. Sequences from the Guadalquivir Estuary are recovered
as four haplotypes, of which haplotype A with 10 individuals
holds a central position. Interestingly, the sequences of
Guadalquivir Estuary do not share haplotypes with the
Mediterranean populations, despite being closely related.
Consequently, the Mediterranean populations have their own
central haplotype B found in 12 individuals. The Atlantic haplo-
type closest to the ones of the Guadalquivir Estuary is separated
by 62 mutation steps (equivalent to 10.14% of the COH1b align-
ment length) and belongs to the population of Anglesey. In con-
trast to the Mediterranean populations and the one of the
Guadalquivir Estuary, all the Atlantic populations are mixed
and scattered with no recognizable central haplotype.
Haplotype and nucleotide diversities were only calculated for
the six populations with more than two individuals listed in
Table 3. These values can only be compared conditionally,
because the number of sequences of each population differs.
The population of the Guadalquivir Estuary shows the lowest
haplotype diversity with 0.49451, followed by the individuals
of Greece, Ibiza and then Anglesey, while Saint-Jouin-Bruneval
and Artabro Gulf with 1.0 each have the highest values. The
highest nucleotide diversity is also found in the population of
Saint-Jouin-Bruneval, followed by Anglesey and the population
of Artabro Gulf and then Ibiza and Greece. The lowest nucleo-
tide diversity was found in the population of the Guadalquivir
Estuary with 0.0009.
For the AMOVA, we also used the COH1b-alignment of
the Cox1 gene, since it contains most sequences. Eight indivi-
duals of the different sites in Greece, 12 individuals of the two
populations of Ibiza and 14 individuals of the population of
Guadalquivir Estuary were compared. Between Ibiza and
Greece, a FST value of 0.04562 (P ¼ 0.1) indicates the high
level of panmixia between these populations of the
Mediterranean Sea. In contrast, the FST values of the pairwise
differences between Ibiza and the Guadalquivir Estuary
(0.62084) and Greece and the Guadalquivir Estuary
(0.68065) are highly signiﬁcant (P , 0.01). They demonstrate
that there is restricted gene ﬂow across the Strait of Gibraltar,
despite the genetic similarity between the Guadalquivir and
Mediterranean populations.
To conﬁrm the results of the Cox1 gene, a small network
was constructed with 10 sequences of the 16S mtDNA gene
Table 2. DNA primer sequences and corresponding references.
Primer Gene Sequence 5′ – 3′ Reference
COL6 Cox1 TYT CHA CAA AYC ATA AAG AYA TYG G Schubart (2009)
COL6a Cox1 TCWACA AAT CAT AAA GAY ATT GG Schubart (2009)
COL1Pe Cox1 TAC YTC RTT CTT TGA TCC TGC New
COL1b Cox1 CCW GCT GGD GGW GGD GAY CC Schubart (2009)
COH1b Cox1 TGT ATA RGC RTC TGG RTA RTC Schubart (2009)
16L29 16S YGC CTG TTT ATC AAA AAC AT Schubart et al. (2001)
1472 16S AGA TAG AAA CCA ACC TGG Crandall & Fitzpatrick (1996)
ENEA1 Enolase CAG CAA TCA ATG TCA TCA AYG GWG G Tsang et al. (2014)
ENES1 Enolase ACT TGG TCA AAT GGR TCY TCA AT Tsang et al. (2014)
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based on an alignment of 499 basepairs (Figure 3). It consists
of four different haplotypes. One of these haplotypes repre-
sents three Mediterranean individuals, while the fourth
Mediterranean individual only differs in one position. Two
individuals of the Gulf of Ca´diz population directly west of
the Strait of Gibraltar (Ca´diz and Guadalquivir Estuary) are
also separated from the larger Mediterranean haplotype by
one mutational step. In contrast, the fourth haplotype is sepa-
rated from all others by at least 10 mutational steps (equiva-
lent to 2.0%) and is found in four individuals of the other
Atlantic populations (one of each location from Artabro
Gulf, Calais, Cork and Anglesey). Therefore, the 16S
network conﬁrms the structure of the Cox1 network.
The mismatch analyses for both the COH1b sequences of
Cox1 mtDNA and 16S rRNA show a bimodal distribution,
i.e. two separate peaks, in the frequency of pairwise differences
among haplotypes (Figure 4). This reﬂects the fact that the hap-
lotypes are either very close to each other (within Atlantic and
Mediterranean) or more distantly related (between Atlantic and
Mediterranean). In Cox1 mtDNA, haplotypes are either
separated by not more than nine or between 62–71 mutational
steps, whereas in 16S mtDNA there are either up to two or
between 10 and 11mutational steps. In both cases, the observed
frequency (dashed line) did not correspond to the expected
values for a constant population size (solid line).
An independent nuclear marker was applied as third evi-
dence and to test for possible ongoing speciation: The
nuclear gene Enolase was sequenced from 26 individuals,
resulting in an alignment with a length of 409 bp. It includes
only two parsimony-informative sites that consistently sep-
arate two genotypes. The corresponding maximum parsi-
mony network can be found in Figure 5. Ten individuals
originating from Croatia, Greece, Ibiza (Spain) and Corsica
(France) and 10 from the population of the Guadalquivir
Estuary share one genotype, whereas the second genotype
is found in ﬁve individuals of the Atlantic coast of France
and one specimen from Scotland. Therefore, a clean
split is conﬁrmed between the Mediterranean plus the Gulf
of Ca´diz sequences and the more northern Atlantic
populations.
Fig. 2. Maximum parsimony network of Cox1mtDNA (COH1b alignment) of Palaemon serratus, constructed with TCS version 1.21 and a connection limit of 65
steps, based on an alignment of 58 sequences (611 base pairs). The numbers within the circles correspond to the number of individuals represented by that
haplotype (circles without a number represent single individuals). Black spots represent missing haplotypes.
Table 3. Estimates of haplotype and nucleotide diversities of Palaemon serratus, based on the COH1b alignment of the Cox1 gene with 611 base pairs.
Calculated with DnaSP version 5.10.01. Only populations with more than two individuals were included. Permutation test with 10,000 replicates.
Population Number of sequences Number of haplotypes Haplotype diversity Nucleotide diversity
Saint-Jouin-Bruneval (F) 7 7 1 0.00834
Guadalquivir Est. (Spain) 14 4 0.49451 0.0009
Artabro Gulf (Spain) 12 12 1 0.00491
Anglesey (Wales) 7 5 0.85714 0.0053
Greece 8 3 0.60714 0.00216
Ibiza (Spain) 12 6 0.80303 0.00288
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D ISCUSS ION
Results of three analysed genes (Cox1mtDNA, 16S rRNA and
Enolase nuDNA) show genetic differentiation among the
populations of Palaemon serratus in the Mediterranean Sea,
the Gulf of Ca´diz and the Atlantic Ocean. The individuals of
the ﬁrst two areas are closely related and will henceforth be
termed the Mediterranean lineage (ML) which thus includes
the populations from the Guadalquivir Estuary and the
Mediterranean populations. A sequence from GenBank
(JQ042291) corresponding to the 16SmtDNA of an individual
from Ca´diz conﬁrms that populations from the Gulf of Ca´diz
are more closely related to Mediterranean populations than to
other Atlantic ones. The second lineage, henceforth called the
Atlantic lineage (AL), contains all the other Atlantic popula-
tions included in this study. The 16S network consists of
three different haplotypes in the ML and only one haplotype
in the AL, while all three Cox1 networks have a smaller
number of haplotypes in the ML than in the AL. This can
be due to the fact that only one individual per population
was used for the 16S analysis, so that most likely not all occur-
ring haplotypes are represented in the network. In the Enolase
alignment, only two different genotypes can be found, corre-
sponding to ML and AL and separating these in the same
fashion as the mitochondrial genes.
The Cox1 haplotypes of the populations of theMediterranean
are linked tightly, and while the Greek individuals show a mod-
erate haplotype diversity (hd¼ 0.60714), the individuals of the
populations of Ibiza are quite heterogeneous (hd¼ 0.80303).
This suggests that the Mediterranean stocks represent a
healthy and stable system, with relatively high gene ﬂow
among the sampled populations. Nevertheless, this should be
tested with more individuals and more populations, since only
two Mediterranean populations were used for the analysis of
haplotype and nucleotide diversities in this study.
The specimens of the Guadalquivir Estuary form a very
homogeneous clade, with only a few haplotypes (hd ¼
0.49451) being very close to each other (nd ¼ 0.0009). This
can be best explained by a founder effect, i.e. a new population
founded by only a few individuals and therefore with low
genetic variety. The proximity of some Cox1 haplotypes
from Ibiza to the Guadalquivir haplotype A suggests a rela-
tively recent colonization from the western Mediterranean.
Another possible explanation would be reduced gene ﬂow to
and from the Guadalquivir population, because of its geo-
graphically marginal position, compared with a population
that is located in the centre of the range of a genetic lineage.
In any case, current gene ﬂow of the population from the
Guadalquivir Estuary with the Mediterranean populations
seems limited.
The fact that the population of the Guadalquivir Estuary
nevertheless belongs to the ML raises the question why it
groups together with Mediterranean populations instead of
Atlantic ones. Most other studies of species with a genetic sep-
aration of the Atlantic and the Mediterranean populations
reveal the opposite scenario: They show an extension of the
Atlantic genotypes into the Albora´n Sea which is the western-
most part of the Mediterranean Sea. This is for example the
case in the closely related prawn Palaemon elegans (see
Reuschel et al., 2010) as well as in many other marine
species, e.g. the scallops Pecten jacobeus and P. maximus
(see Rı´os et al., 2002) or the euphausiidMeganyctiphanes nor-
vegica (see Zane et al., 2000). This extension of Atlantic
Fig. 3. Maximum parsimony network of 16S mtDNA of Palaemon serratus,
constructed with TCS version 1.21 and a connection limit of 94%, based on
an alignment of 10 sequences (499 base pairs). The number within the
circles correspond to the number of individuals represented by that
haplotype (circles without a number represent single individuals). Black
spots represent missing haplotypes.
Fig. 4. Mismatch distribution of pairwise differences in two mitochondrial
genes of Palaemon serratus. Calculated with DnaSP version 5.10.01. The
dashed lines show the observed, the solid lines the expected frequencies
within a constant population size. (A) Cox1 mtDNA (COH1b alignment
with 58 sequences, 611 base pairs). (B) 16S mtDNA (10 sequences, 499 base
pairs).
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genotypes into the Mediterranean Sea has been explained by
the intrusion of Atlantic waters into the Albora´n Sea, where
they circulate as two gyres, so that the Almerı´a-Oran Front
often represents the real hydrographic boundary of Atlantic
and Mediterranean surface waters (Tintore´ et al., 1988),
rather than the Strait of Gibraltar itself. However, in a recent
study on several crustacean species, the role of the Strait of
Gibraltar as a gene ﬂow barrier compared with the one of the
Almerı´a-Oran Front has been emphasized (Garcı´a-Mercha´n
et al., 2012).
Palaemon serratus is not the only species in which popula-
tions of the Guadalquivir Estuary differ genetically from other
Atlantic populations, as this was also reported in the mysid
Neomysis integer (see Remerie et al., 2009). It remains
unknown, when Mediterranean P. serratus may have migrated
from the Mediterranean Sea through the Strait of Gibraltar and
settled in the Gulf of Ca´diz. Furthermore, we do not know if
they replaced ‘typical’ Atlantic P. serratus which theoretically
should be better adapted to the local conditions, like tempera-
ture and tides, in the Gulf of Ca´diz. Alternatively, it is conceiv-
able that the Gulf of Ca´diz population may have diverged
from Atlantic stocks independently and gave rise to
the Mediterranean populations with the ﬂooding of the
Mediterranean Basin. Hence, more detailed studies about the
dispersal and ecology of P. serratus, especially in the area
west and east of the Strait of Gibraltar, are necessary to recon-
struct how the extension of Mediterranean haplotypes into the
Atlantic Ocean took place. A human introduction can be
excluded, because the haplotypes from the Guadalquivir
Estuary of both mitochondrial genes have so far not been
sampled in the Mediterranean Sea and thus appear to be
endemic. It remains to be solved, where the contact zone
with the other Atlantic populations is, and if there is genetic
mixing. One possible explanation for endemic genotypes
could be the fact that the population of the Guadalquivir
Estuary belongs to the most important nursery area in the
Gulf of Ca´diz, favouring the reproduction and/or the settlement
of local individuals (Gonza´lez-Ortego´n et al., 2015) and prob-
ably a more estuarine genotype. Further investigations of differ-
ent populations along the coastline of Andalusia to Portugal are
necessary to deﬁne the exact border between AL and the hap-
lotypes of the Gulf of Ca´diz, and to determine what induces
the biogeographic break within the Atlantic Ocean.
The populations of AL are genetically very diverse with 18
different haplotypes in the COH1b network (Figure 2), and all
tested populations show very high haplotype and nucleotide
diversities. According to the coalescent theory of Kingman
(1982), high genetic diversity leads to the conclusion that
the corresponding species is presumably of a great age (the
higher the diversiﬁcation the longer the required time span
to develop this diversity). This provides evidence that the
Atlantic stock of Palaemon serratus represents a very stable
and healthy system, which has probably existed for a long
time. The maximum parsimony networks as well as the haplo-
type diversities indicate high gene ﬂow among the Atlantic
populations, with the exception of the ones from the Gulf of
Ca´diz. It would be useful to conﬁrm these assumptions with
more individuals per population and more populations to
cover the whole distribution area of P. serratus and to quantify
gene ﬂow statistically, as no populations east of Belgium and
south of Spain are represented in this study.
Our results suggest the existence of a potential cryptic
species or at least ongoing speciation within P. serratus, i.e.
a morphological indistinct lineage separated by genetic differ-
ences at species level (Belﬁore et al., 2003). The separation of
the ML and the AL amounts to 2.0% in the 16S gene and
10.14% in the Cox1 gene and is thus comparable to recognized
species from other crustacean genera with an Atlantic–
Mediterranean separation, such as in Carcinus (see Geller
et al., 1997; Roman & Palumbi, 2004; Ragionieri &
Schubart, 2013) or Brachynotus (see Schubart et al., 2001).
Furthermore, the independently evolving nuclear gene
Enolase conﬁrms the same differentiation pattern. So far,
there are no morphological characters known that differ in
Atlantic and Mediterranean specimens of P. serratus, but
this needs to be veriﬁed in a separate study. It would also be
important to know if hybridization of Atlantic and
Mediterranean individuals is possible. Considering the fact
that in this study only a few populations were represented
by more than 10 individuals, statistical possibilities are
limited and make further studies with larger sample sizes
necessary. No type locality for Palaemon serratus was indi-
cated by Pennant (1777), but even though a few
Mediterranean individuals were included in his ﬁrst study
characterizing the species, most of the individuals studied
were from the Atlantic Ocean, i.e. from the English
Channel, Belgium and the Netherlands (De Man, 1915). For
that reason, and because Pennant published his results in
British Zoology, it appears logical that the species name
Palaemon serratus would remain with the Atlantic
Fig. 5. Maximum parsimony network of Enolase nuDNA of Palaemon serratus, constructed with TCS version 1.21 and a connection limit of 95%, based on an
alignment of 26 sequences (409 base pairs). The numbers within the circles correspond to the number of individuals represented by that genotype. Black spot
represents missing genotype.
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individuals, if two separate species were to be recognized in
the future.
Overall, this study reveals some interesting phylogeo-
graphic aspects, although the results have limited conclusive
signiﬁcance, due to the restricted number of populations
and the fact that some analysed populations consisted of
very few individuals and therefore could not be used for stat-
istical analyses. Hence, more research is needed regarding the
population genetics and taxonomic status of P. serratus,
including morphological and morphometric aspects, to
understand the remarkable case of an Atlantic population
with haplotypes that are more closely related to
Mediterranean ones than to the other Atlantic ones, and to
decide whether a cryptic species is involved.
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